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A common clinical obstacle encountered after knee joint injury is an inability to achieve full voluntary activation of the quadriceps muscle group. [1] [2] [3] [4] [5] [6] [7] This phenomenon has been termed arthrogenic muscle inhibition and is defined as an ongoing reflex inhibition of musculature surrounding a joint after distension or damage to the structures of that joint. 8 Arthrogenic muscle inhibition is a limiting factor in joint rehabilitation, as it restricts full muscle activation and therefore prevents restoration of strength. Thus, athletes often return to competition deficient in strength and neuromuscular control, leading to an increased propensity for further injury.
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Bilateral deficits in quadriceps muscle activation have been reported in patients with unilateral anterior cruciate ligament tears 1, [12] [13] [14] and in patients with osteoarthritis, 2 yet the stimulus responsible for these deficits continues to allude clinicians. It is of clinical importance to determine what elicits contralateral quadriceps impairments after unilateral joint damage because if the cause were understood, an effective treatment could begin to be developed.
It is well established that knee joint effusion, whether acute, 6 chronic, 15 or experimentally induced, 16 -19 results in arthrogenous weakness of the quadriceps musculature. The use of a knee joint effusion model presents an effective method to determine whether bilateral activation deficits are associated with an isolated knee joint effusion. Inhibitory signals arising from an ipsilateral joint effusion may influence the motoneuron pool controlling the contralateral quadriceps musculature. If arthrogenic muscle inhibition presents bilaterally after unilateral knee joint damage, not only is the injured limb predisposed to further injury, but the undamaged knee joint complex is also placed at risk. Therefore, the purpose of this paper is to determine if neuromuscular excitability is altered in the vastus medialis (VM) contralateral to a simulated knee joint effusion.
MATERIALS AND METHODS
A 2 ϫ 4 factorial design was used to compare treatment groups across time intervals. The independent variables included treatment groups (effusion and control) and measurement intervals (baseline, 10, 20, and 30 mins posteffusion). The dependent variables were the maximum Hoffmann (H)-reflex (Hmax), maximum M-response (Mmax), and the H/M ratio.
Subjects.
A total of 16 neurologically sound volunteers (age, 27 Ϯ 8 yrs; height, 169 Ϯ 9 cm; mass, 70 Ϯ 11 kg) with no lower limb pathology within the previous 2 yrs participated in this study. In addition, subjects had measurable VM Hmax and Mmax measurements. All subjects gave informed consent before participation in this study. Human subject approval was obtained from the School of Health and Human Performance Human Subjects Committee.
Instrumentation.
H-reflex and M-wave measurements were collected using surface electromyography (MP100, BIOPAC Systems, Santa Barbara, CA). Signals were amplified (DA100B, BIOPAC Systems) from disposable, 10-mm, pregelled Ag-AgCl electrodes (BIOPAC Systems). The electromyographic measurements were collected at a rate of 2 kHz. The BIOPAC stimulator module (STM100A, BIOPAC Systems) was used with a 200-V (maximum) stimulus isolation adapter (STMISOC, BIOPAC Systems), a shielded disc electrode (EL254S, BIOPAC Systems), and a 7-cm dispersive pad.
Subject Preparation. Each subject had three locations shaved, debrided, and cleaned with alcohol for application of the electromyographic electrodes. Surface electrodes were placed bilaterally and centered on the greatest bulk of the VM, as determined visually during an isometric contraction. The electrodes were placed parallel to the muscle fibers, spaced 2 cm apart. The ground electrode was placed on the lateral malleolus of each subject's self-reported dominant limb.
A stimulating electrode was placed over the left and right femoral nerve in the femoral triangle, and dispersive pads were placed bilaterally over the gluteus maximus. To find the femoral nerve, the femoral pulse was located. The electrodes were then positioned just lateral to the artery. Adhesive collars were applied to the stimulating electrodes to maintain their positions over the nerves for the duration of data collection.
H-Reflex and M-Wave Procedures.
Each volunteer was positioned supine with the knee supported at approximately 15 degrees of flexion and the heel of the involved leg resting in a secure pad, designed to keep the foot stable throughout data collection. Subjects were asked to keep their hands at their sides with their palms open. Factors such as head position, eye position, and hand movements may affect the H-reflex amplitude, so every attempt was made to control positions and movements of the body. 20 In previous work, this protocol proved to be reliable (intraclass correlation coefficient [ICC 3,1 ] ϭ 0.970). 21, 22 H/M recruitment curves were mapped bilaterally for each volunteer. Stimuli were delivered by increasing the intensity in 0.2-V increments, with a 10-sec rest interval after each stimulus, until the Hmax was obtained. Once the Hmax was found and three measurements were recorded, we increased the stimuli in 1-V increments until a plateau was reached in the Mmax response. Re-gardless of the stimulus required to obtain the Mmax, one measurement was always taken at the maximum intensity (200 V) to ensure the Mwave had indeed reached a plateau and accurately represented the Mmax. The latency of the H-reflex was seen between 16 and 23 msec, and the M-wave was seen between 8 and 12 msec. The peak-to-peak amplitudes of the H-reflexes and M-waves were recorded at each measurement interval for both VM muscles.
Joint Effusion Procedure. The leg identified as dominant by each volunteer was the one prepared for injection. An area superolateral to the patella was cleaned with alcohol and Betadine. Using a sterile, disposable syringe, 3 ml of lidocaine were injected subcutaneously for anesthetic purposes. With a second disposable syringe, 60 ml of sterile saline were injected into the superolateral knee joint. An effusion wave and ballotable patella test were performed to ensure that the effusion was within the knee joint. All materials were disposed of in the proper sharps and biohazard containers according to Occupational Safety and Health Administration guidelines.
Testing Procedure. Electrode placement sites were prepared as previously described. Baseline recruitment curves for the VM were recorded for each limb. Subjects in the test group were then injected with saline. Participants in the control group rested for 8 mins (the approximate time needed to complete the injection procedures). After the injection (or rest), measurements were recorded 10, 20, and 30 mins later.
Statistical Analysis. A 2 ϫ 4 multivariate analysis of variance with repeated measures on time was performed to test for overall differences between treatment groups over time.
Univariate F tests and Sidak's t multiple comparison procedures were used to make post hoc comparisons. The a priori alpha level was set at P Յ 0.05. Table 1 . An overall treatment by group interaction was detected (F 18, 117 ϭ 3.008; P Յ 0.0001); therefore, a separate multivariate analysis of variance was run for each treatment group to detect within group differences. The preinjection H-reflex for the test group on the limb ipsilateral to the effusion was greater than measurements taken at 10 (Sidak's, P ϭ 0.04), 20 (Sidak's, P ϭ 0.05), and 30 mins (Sidak's, P ϭ 0.001) posteffusion. A trend was seen in the test group for the M-wave of the limb ipsilateral to the effusion to be facilitated after the joint effusion; however, this facilitation only reached significance at 30 mins after effusion (Sidak's, P Յ 0.002). The H/M ratio was depressed in the test group after the effusion at all measurement intervals (Sidak's, P ϭ 0.001). No significant differences for time were noted for the Hmax, Mmax, or the H/M ratio in the limb contralateral to the effusion for the test group (P Ͼ 0.05). In addition, no changes were detected in either limb for the control group at any measurement interval (P Ͼ 0.05).
RESULTS
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DISCUSSION
The present study demonstrates that knee effusion causes arthrogenous weakness in the quadriceps musculature ipsilateral to a joint effusion, which supports previous findings. [17] [18] [19] Furthermore, our data suggest that bilateral quadriceps activation deficits that present after unilateral joint injury do not result from pain-free knee joint effusions.
The joint effusion did not affect the contralateral VM motoneuron pool. Other investigations support our results, showing that stimulation of joint afferents has little or no effect on contralateral motoneuron excitability. [23] [24] [25] Group II articular afferents are considered to be part of a special group of mechanoreceptors known as flexor reflex afferents.
26
Flexor reflex afferents have been shown to modulate transmission in pathways to contralateral motoneurons. 27 Because the simulated joint effusion is considered to increase activity in Ruffini endings, we thought the contralateral VM motoneuron pool may be altered. Baxendale and Ferrell 27 demonstrated that flexor reflex afferents (specifically, joint afferents) produce a bilateral response to a unilateral stimulus. Our results do not support their findings. The difference in the pathways studied likely accounts for the varying results. Their experiment examined the effect of knee joint afferent discharge on the excitability of the flexion reflex arc, whereas we indirectly investigated motoneuron excitability. The flexion reflex is a polysynaptic and polysegmental spinal reflex, whereas the H-reflex is a monosynaptic pathway. Joint afferents do not directly synapse on motoneurons but are known to synapse on other interneurons (Ia and Ib) in the spinal cord, which may account for the strong actions joint afferents have on the flexion reflex.
Our study is the first to examine the effects of a simulated joint effusion on bilateral neuromuscular activity. Previous investigations have altered limb position to examine the effects of joint afferents on reflex pathways. The simulated effusion is thought to stimulate slowly adapting Ruffini endings, whereas the change in limb position may have excited slow-and fast-adapting mechanoreceptors. The feedback from the slowly adapting receptors alone may not be an adequate stimulus to elicit bilateral changes in motoneuron excitability.
The neurophysiologic mechanisms resulting in bilateral activation deficits remain unknown. Evidence suggests that pain and inflammation activate a central response to joint injury. Unilateral acute inflammation creates general hyperexcitability in spinal cord neurons 28 but increases the effectiveness of tonic descending inhibition, 29 counteracting the excitability in spinal cord neurons. Cevero 
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Knee Joint Effusion and Muscle Inhibition et al. 30 found that acute inflammation of the knee joint increased the amount of tonic descending inhibition, resulting in decreased afferent input from regions of the inflamed knee and the receptive fields from the contralateral leg. Future investigations should focus on the potential role of inflammation in eliciting bilateral quadriceps inhibition occurring after joint injury.
Another possible reason no difference was detected in the limb contralateral to the effusion could be the tool used to estimate motoneuron excitability. The H-reflex pathway is subject to presynaptic inhibition. Therefore, changes seen in the Hreflex do not necessarily reflect changes within the motoneuron pool. It is possible to see a depression of the H-reflex and not see a change in motoneuron pool excitability. Excitation of flexor reflex afferents has been shown to cause presynaptic inhibition of Ia transmission to alpha motoneurons. 31 The simulated joint effusion may cause arthrogenic muscle inhibition in the ipsilateral limb through presynaptic inhibitory mechanisms, which may not affect the contralateral limb. Further investigation is warranted to determine if the contralateral limb is affected after joint injury.
The decreased H-reflex amplitude in the effused limb could be a result of the damage to tissues due to injection of the needles. This is unlikely, because isolated Xylocaine injections into the joint capsule have been shown not to affect H-reflex amplitude. 32 Future investigations should account for the potential effect that the injections may have on H-reflex amplitude.
Our results revealed a facilitated Mmax after the simulated effusion. This finding was not surprising because we have seen a similar response previously. 33 In addition, a facilitation of the Mmax has been reported in another study in which joint effusion was induced, and it has also been seen after joint cooling. 34, 35 This finding is difficult to interpret because traditionally the Mmax has been described as representing the excitation of all the motor axons arising from the motoneuron pool of interest and thus a stable value. Usually, when alterations are seen in the Mmax, it is assumed that the recording or stimulating conditions have changed. We believe that the changes in the Mmax are caused by a physiologic response and not by altered testing conditions. The positions of the recording and stimulating electrodes were monitored throughout data collection because these factors are known to affect the M-wave recording. In addition, our control data revealed the Mmax was stable when the effusion was not induced. We do recognize that after the effusion, the recording surface geometry may have been altered due to the proximity of the recording electrodes to the knee joint and thus the effusion. However, we believe it is unlikely that this slight (if any) change in surface geometry could account for the rather large increase in the Mmax. We are uncertain as to why the Mmax would be facilitated.
One possible explanation for the change in the Mmax would be that we did not actually obtain the Mmax. Although this seems unlikely, it is necessary to address this possibility. Examination of a recruitment curve (Fig. 5 ) from our data shows that a plateau was reached for the M-response, suggesting Mmax was obtained. In addition, to ensure we had Mmax, a measurement was always recorded using the maximum stimulating intensity (200 V). In all cases in which the maximum stimulus was delivered, the Mmax value did not increase from the previously recorded plateau. As mentioned above, a measurement was always recorded at 200 V, so theoretically, the same proportion of motor axons was stimulated at this given intensity. Therefore, even if Mmax was not obtained, the fact that a constant stimulus intensity elicited an increased amplitude of the Mmax postinjection suggests a change in threshold of the motor axons.
Another concern that needs to be addressed is why we chose to measure Hmax and Mmax instead of recording the H-reflex as a proportion of the Mmax. We are aware that the H-reflex is not as sensitive to facilitation and inhibition when it is elicited at its maximum value.
36,37 However, we thought it was necessary to obtain maximum values because we anticipated the amplitude of the M-wave may increase after effusion. If large increases in the amplitude of the M response were seen, it would be likely that the amplitude of the H-reflex would diminish due to antidromic collision. Therefore, we thought it was more important to capture the direction in which motoneuron excitability changed rather than possibly underestimating the degree of change.
We thought the shape of the signal should also be discussed, as it is possible that the area of the maximum potential may have increased, suggesting asynchronous firing or an increased amount of cross-talk from the surrounding musculature. No change of the area was noted preinjection to postinjection, ruling out this concern.
After excluding known methodologic issues that could have contributed to the facilitated M-wave, we are left with the conclusion that a physiologic adaptation must have occurred after the joint effusion. Before this investigation, we thought the increased M-wave could possibly be due to a sympathetic response. However, because the M-wave was only altered on the effused side, we concluded this is not a likely possibility, as the release of neurotransmitters from the hypothalamus should result in a bilateral facilitation of the Mmax. Another possibility is that the motor axons have bistable properties similar to those found in motoneurons. Motor axons are known to display a period of supernormality after depolarization.
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This period may be prolonged after the simulated effusion. Currently, there are no data to support the above hypotheses, and further research is warranted to investigate the possible mechanisms behind the facilitated M-wave.
The H/M ratios were decreased after the joint effusion. It is important to note that the decrease in the ratio is due to both the decrease in the Hmax and to the increase in the Mmax. This ratio is used to represent the excitable portion of the motoneuron pool. When examining the H/M ratios, the inhibition in the motoneuron pool may have been overestimated due to the facilitation in the Mmax.
In conclusion, the knee joint effusion model allows for investigation of ipsilateral neuromuscular changes associated with joint injury. The quadriceps motoneuron pool is inhibited in the absence of muscular injury or pain. Our results suggest that the simulated joint effusion did not alter contralateral VM motoneuron pool excitability. The experimental knee joint effusion did not result in bilateral quadriceps arthrogenic muscle inhibition. Joint effusion does not seem to be the impetus for bilateral neuromuscular changes that occur after joint damage. Because of the limitations of the H-reflex in directly assessing motoneuron pool excitability, further work is needed to determine if patients have bilateral inhibition after a unilateral joint injury or effusion. 
